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An experimental study has been made of the  possible mechanisms f o r  

foam s t a b i l i t y  in t h e  systan CaOSi02-Cr 0 

agent,  

a t  1600°C fo r  high-sil ica melts. 

where C r  0 i s  the  foaming 
2 3’ 2 3  

The degree of lowering of surface tension by C r  0 w a s  determined 2 3  
Measurements were a l so  made of foam 

s t a b i l i t y  under standardized conditions. The r e s u l t s  of t he  two s e t s  of 

measurements then were correlated by applying the GibbsD and Marangoni 

theor ies  of f i lm e l a s t i c i t y .  It was demonstrated t h a t  the Marangoni 

e l a s t i c i t y  e f f e c t  i s  probably the  la rges t  s ing le  contributor t o  foam 

s tabi l i ty ,  although the  high v iscos i ty  of s i l i c a t e  melts makes some contr i -  

bution in cont ro l l ing  the  rate of  drainage of l i q u i d  from bubble lamellae. 
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The tendency of metal lurgical  slags t o  foam has frequently been 

In  t h e  open-hearth furnace, 

It slows down t h e  r a t e  of hea t  

observed during s t e e l  re f in ing  operations. 

t h i s  tendency i s  considered undesirable. 

t r ans fe r  from the  burners t o  t h e  molten metal bath, making automatic con- 

t r o l  of t he  burners impossible. 

t o  have a ttfoamytt s l ag  i n  t h e  basic  oxygen converter. 

be removed more eas i ly  i n  t h i s  condition. 

* 
On the other hand, it is  sometimes desirable  

A f l u s h s l a g  can 

Even when using a s ingle  slag 

process, a more e f fec t ive  blanket over the s t e e l  bath i s  made by a "foa.mf' 

s lag,  and loss i n  y i e ld  of metal due t o  splashing i s  minimized, 

Since s l ag  foaming problems in the f i e l d  have been attacked la rge ly  

on an  empirical basis, it appeared desirable t o  obtain a b e t t e r  basic under- 

standing of t he  mechanism of foam stability. 

directed almost e n t i r e l y  toward the  behavior of C r  0 

in CaO-Si02-Cr 0 melts. 

of lowering of surface tension by C r  0 was determined a t  1600°Co 

measurements were made of foam s t a b i l i t i e s  under standardized conditions; then 

The experimental work was 

as the  foaming agent 
2 3  

In the  first s tage of t he  investigation, the degree 

I n  addition, 
2 3  

2 3  

the  two sets of experimental r e s u l t s  were correlated by applying various 

theor ies  of foam s t a b i l i t y .  For convenience in in te rpre t ing  t h e  surface tension 

and foam s t a b i l i t y  results reported here, 

diagramc2) is reproduced i n  Figure 1. 

EXPEBIMENTAL 

-" 1 - Surface Tension Measurements 

a portion of t he  C a O S i 0 2 - C r  0 2 3  
phase 

Very l i t t l e  information i s  avai lable  in  t h e  l i t e r a t u r e  on the  lowering 

of surface tensions of slags by foaming agents, Ko~akevi tch '~ ' '  mentioned t h a t  



t h e  addi t ion of 1.5  percent C r  0 

In another system, some da ta  on the  lowering of surface tension of foaming 

lowered the surface tension of FeO s l igh t ly ,  
2 3  

slags by P 0 were reported by Cooper and Kitchener. ( 4 )  
2 5  

The technique used f o r  the surface tension measurements w a s  t he  m-um 

bubble pressure me t f l~d , '~ )  using a s ingle  tube immersed t o  various depths in 

t h e  m e l t .  This method has been used extensively in high temperature Systems 

such as in l i q u i d  metals, slags, and glasses,  (697)  It has the  advantage t h a t  

t h e  contact angle between the  l i q u i d  and the  tube mater ia l  need not be known. 

The equation used f o r  calculat ing surface tension values from m a x i m u m  

bubble pressure measurements is  the Schroedinger e q ~ a t i o n ' ~ ) ,  which can be 

where 7 i s  the  surface tension of the melt, r is  the  o r i f i c e  radius  of 

t h e  tube, g i s  t h e  g rav i t a t iona l  constant, h is the manometric height 

associated with t h e  maximum pressure obtained during the growth of a bubble, 

Pmf 
fx is t he  densi ty  of t h e  melt, and A r e f e r s  t o  the  quantity,  

is the  densi ty  of t he  manometer f lu id ,  z is the  depth of immersion, 

Analysis of t h e  Schroedinger equation leads  t o  the  conclusion that 

the  dens i ty  of t h e  m e l t ,  px , as well as its surface tension, are var izbles .  

By measuring' h as a function of z ,  in pr inc ip le  y and px can be deter- 

mined simultaneously. 

tendency toward foaming made them mighly e r r a t i c  and unreliable.  The surface 

tens ion  values were calculated fram the zero depth in te rcepts  of l i n e a r  p l o t s  

of h versus z . 

No densi ty  determinations a r e  reported here because the  
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A schematic drawing of the apparatus i s  shown in Figure 2, The 

molybdenum furnace windings were protected with a mixture of 5 percent H2 

and 95 percent argon, which was passed through the Al 0 insu la t ing  powder. 

A v e r t i c a l  cathetometer was used t o  measure both t h e  pressure maxima on the  

manometer and the  +pth of the  t i p  o f t h e  bubbling tube i n  the  m e l t ,  

l a t t e r  was accomplished by s ight ing on a mark scribed on the  upper part of 

t he  bubbling tube, 

eliminate var ia t ions  in bubble s i z e  due t o  wetting effects .  

w a s  used in t h e  manometer because of its low vapor pressure and known thermal 

expansion charac te r i s t ics ,  

given in reference 8, 

2 3  

The 

Thin-walled tubing was used i n  the  bubbling tube t o  

Dibutyl phthalate 

A more detai led description of t he  apparatus i s  

A t  t he  beginning of each experiment, the  surface of t he  melt was 

located by lowering the  tube u n t i l  a rise in the  manometer was observed, 

ind ica t ing  t h e  formation of a bubble in the  melt,, 

pressure readings then were taken a t  each of several  depths of immersion. 

Median values f o r  each depth were calculated, and t h e  h versus z data 

were found t o  obey a l i n e a r  re la t ion .  

l i n e a r  was proven by impl ic i t  d i f fe ren t ia t ion  of  the Schroedinger equation. 

A least squares analysis  then was applied t o  the  data t o  determine the  value 

of t h e  intercept ,  which was used f o r  t h e  surface tension calculat ion,  

About twenty m a x i m u m  

The f a c t  t h a t  this r e l a t ion  should be 

. 

It was found necessary t o  keep t h e  r a t e  of bubble formation slower 

thaa one bubble every twenty secondso 

tens ion  was obtained. as a consequeiice of  Lisl;fficie??t z g k g  t.imes a t  the  

bubble surfaceso 

a c t u a l  pressure a t  the break-away point may exceed t h e  pressure theore t ica l ly  

Otherwise a la rger  "dynamic" surface 

Viscosity also plays a ro l e  with high bubble r a t e s ,  The 

required due t o  viscous drag i n  the  m e l t  and give erroneous r e s u l t s ,  
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The experimental r e s u l t s  a r e  given i n  Table I and i n  Figure 3,  

Surface tension values were determined f o r  each of three l ime-sil ica molar 

, r a t i o s  a t  1 6 C Q O C .  Preliminary results on the C a O S i O Z  binary system were 

found t o  compare favorably with those of other  invest igators .  

Esin(’) and Copper and Kitchener(4) gave r e s u l t s  t h a t  were about 8 percent 

Pope1 and 

(10 1 and 3 percent higher than the  present resu l t s ,  while Kingfs r e s u l t s  

were about 9 percent lower, Reproducibility of the  r e s u l t s  was established 

by conducting six experiments on melts of the same composition. 

deviat ion i n  the surface tension values was found t o  be 109 dynes/cmo 

The standard 

Figure 3 i l l u s t r a t e s  t h a t  the addi t ion of C r  0 yields  an appreciable 
2 3  

lowering of surface tension i n  the d i lu t e  solut ion range, which w i l l  be used 

l a t e r  i n  explaining foaming tendencies. 

anomalous a r r e s t s  were observed i n  the s ixface tension-concentration curves, 

which cannot be ra t iona l ized  in terms of the  var ia t ion of surface tension 

With the addi t ion of more C r  0 2 3 ’  

-. 

across a s ingle ,  one-phase region, Instead, it was found that the surface 

tension a r r e s t s  correspond to the phase boundary in Figure 1 which surrounds 

t h e  two-liquid misc ib i l i t y  gap. 

Therefore compositions exceeding the s o l u b i l i t y  limit of C r  0 l i e  

Ordinarily one would expect t h e  two l iqu ids  
2 3  

i n  a two-liquid phase region. 

t o  separate  i n t o  d i s t i n c t  layers  due t o  density considerations. In such 

cases, the  measured surface tensions should have remained a t  t h e i r  satura- 

t i o n  values, prsvided t h a t  measurements were being made only i n  t h e  upper 

layer ,  which w a s  lean i n  C r  0 2 3” 
except f o r  t h e  4,O percent C r  0 

o ther  two-phase m e l t s ,  an apparent secondary lowering of surface tension 

The expzztcd S e h v i n r  was not observed, 

composition with CaO/Si02 = 0.770 For the 
2 3  
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was observec , This e f f ec t  can be explained in terms of an emulsification 

of the second g q u i d  phase. During t h e  course of t h e  formation of a bubble 

in  t he  melt, heterogeneous films containing both liquid phases could have 

formed a t  the  bubble surfaces. (u, 12) When t h i s  happens, the  res i s tance  

t o  bubble growth i s  not simply the  surface tension of a s ingle  saturated 

solution. 

t o  bubble growth and hence leads t o  an apparent secondary lowering of surface 

The i n t e r f a c i a l  tension between l iqu ids  decreases the  res i s tance  
.I 

tension of the melt. T h i s  effect ,  then, was only important i n  that it showed 

t h a t  emulsification had occurredo Direct evidence for  emulsification w a s  ob- 

ta ined from'microscopic observation of quenched s l ag  samples. 

Surface tension data similar t o  t h a t  appearing in Figure 3 were 

determined by i n  s i l i c a t e  systems containing P 0 and V 0 These 2 5  2 5"  
r e s u l t s  along with other  r e su l t s  for  Na20 a r e  reproduced in Figure 

on the  r e s u l t s  fo r  t he  C r  0 

exist i n  the P 0 and V 0 

P205, V205, and N a  0 a l l  lower surface tension, only P 0 and V 0 a r e  foam 

s t a b i l i z e r s .  

exhib i t  mi sc ib i l i t y  gaps and systems t h a t  a r e  prone t o  foaming. 

Based 

system, it i s  l i k e l y  t h a t  mi sc ib i l i t y  gaps a l s o  2 3  
systems. It i s  in t e re s t ing  to note t h a t  while 

2 5  2 5  

2 2 5  2 5  
Therefore a correlation s e a s  t o  e x i s t  between systems that 

2. Foam S t a b i l i t y  Heasurenents 

A considerable amount of experimental work has been done on the 

subjec t  of foaming i n  t h e  f i e l d  of co l lo id  chemistry. 

very few investigations,  however, hkere controlled experiments have been 

performed on t h e  foaming of glasses and metal lurgical  s h g s ,  Cooper zzd 

Kitchener(4) made an extensive study of the  foaming agent, P2Q59 i n  

C a O S i 0 2  slags.  Cooper and McCabe(15) l a t e r  showed that C r  2 3  0 and Fe20, J 

There have been 
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a r e  a l so  foam s t ab i l i ze r s ,  but t h a t  FeO, MnO, Al 0 

basic  oxide; (Na 0, MgO, SrO) are not  important in promoting foaming. 

and the  network-breaking 
2 3’ 

2 
The technique used for the foam stability measurements was identical 

t o  t h a t  used by Cooper and Kitchener. (4) 

gas in jec t ion ,  and t h e i r  r a t e s  of decay were measured under a r b i t r a r i l y  

Columns of foam were produced by 

standardized conditions. 

s tud ie s  because of t h e  high temperatures involved in the  experiments. 

This method was used in preference t o  s ing le  f i l m  

The apparatus and method a r e  i l l u s t r a t e d  schematically i n  Figure 5. 

The furnace m s  the  same as  t h a t  used f o r  the surface tension measurements 

(see Figure 2) . The slags again were contained i n  platinum crucibles.  A 

platinum wire harness containing foam l e v e l  pointers was hmg from the  top 

of the  crucible.  The lower pointer was positioned about one-fourth inch 

above t h e  surface of t h e  melt, and the dis tance from the  lower t o  the  upper 

pointer was  one and five-eighths inches, The cosposite frothing tube consisted 

of a Pt-10 percent Rh s e c t i o n . a t  the lower end, which was soldered t o  a water- 

cooled copper sect ion a t  t h e  top. 

outside diameter and 0,031 in. i n s i d e  diameter, except a t  the t i p ,  where 

The lower part of the tube was a b u t  0.1 in, 

t h e  ins ide  diameter w a s  reduced t o  a f i n e  capi l la ry  by hot working. The 

la t ter  w a s  done by t r ia l ;  the  objective w a s  making an opening t h a t  could be 

used t o  produce 5 mm diameter babbles i n  the  s l ags  u s i r ~  a pressure of about 

5 ps i .  Great care  was exercised inmain ta in ing  a constzn+, bubble s i z e  because 

foams consis t ing of smaller bubbles a r e  more s tab le ,  and it was desired t o  

eliminate bubble s i z e  a s  a variable. 

A sample of, 20 t o  25 grams of slag was melted from blended powders 

p r i o r  t o  each experiment. A column of  foam was then b u i l t  up mtil  it reached 
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t h e  upper pointer l eve l ,  

was measured with a stopwatch by observing t h e  collapse of the foam through 

The time f o r  the foam t o  decay t o  the lower pointer 

the  viewing prism. 

median value taken fo r  each ekperimental point,  

A s e r i e s  of about twenty t r i a l s  w a s  conducted and the  

Extreme valwes d i f fe red  from the median by about 220 percent. The 

primary var iables  studied were temperature and composition, 

atmosphere pressure was used throughout f o r  producing t h e  foam columns, 

Oxygen a t  one 

It 

should be emphasized t h a t  t he  r e s u l t s  depend t o  a la rge  degree on the geometry 

of t he  apparatus and other variables,  Therefore, foam s t a b i l i t i e s  so defined 

can be compared only t o  others  measured under exactly the  same conditions, 

The formation of dispersed platinum proved t o  be a ra ther  ser ious 

canplicating f ac to r  u n t i l  it was eventually brought under control,  In a 

previous invest igat ion in which platinum crucibles were used, Cooper (15 1 

found t h a t  t h e  foam s t a b i l i t y  of slags containing C r  0, increased a s  a function 2 3  
of time, 

invest igat ion.  

The same behavior was observed in the  ear ly  stages of the  present 

Platinum pa r t i c l e s  about 10 microns i n  diameter were observed 

in t h e  samples a f t e r  so l id i f i ca t ion  through microscopic examination, and when 

present i n  l a rge  amounts they increased foam l i f e  markedly, 

P l a t b u m  is  believed t o  be s l i gh t ly  soluble in oxide melts. (16) It 

i s  thougnt in this invest igat ion tha t  platinum entered the melt by e i the r  a 

cyc l ic  solution-precipitation process, an evzporation-condensation process, 

o r  a combination of both, The problem of the  formation of dispersed platinum 

p a r t i c l e s  was overcome by eiimir~atiiig t m p e r a t ; ~ r e  f luctuat ions associated 

with t h e  automatic temperature control ler  and by completing measurements 

within a few hours a f t e r  fusing, When these precautions were taken, consistent 



r e s u l t s  were obtained, and the melts were found t o  contain only small a m o u t s  

of platinum.' The experimental results are  presented in Table 11 and i n  

Figs. 6 and 7. 

DISCUSSION 
9 

In Fig. 6, foam l i f e  can be seen t o  be greater  f o r  the more ac id  

s l ags  and f o r  lower temperatures, 

in appearance t o  viscosity-temperature data fo r  s i l i c a t e  melts, which suggests 

The general shape of t he  curves i s  similar 

t h a t  t h e  high v i scos i ty  of slags i s  an important f a c t o r  in producing s t a b l e  

foams, The f a c t  t h a t  both foam l i f e  and v iscos i ty  increase with s l a g  a c i d i t y  

a l so  supports t h i s  hypothesis. - 

Other evidence, however, indicates  t h a t  a d i r e c t  cor re la t ion  between 

foam s t a b i l i t y  and v iscos i ty  cannot be made. The data  shown i n  Fig, 6 were 

- -  - u ~ e d  t o  c a l c u k t e  apparent ac t iva t ion  energies fo r  foam decay. The values 

obtained were in the  neighborhood of 100 Kcal/mole, which i s  considerably 

higher than ac t iva t ion  energies f o r  viscous flow i n  s i l i c a t e  m e l t s  (about 

40 Kcal/mole) . (17) Further evidence t h a t  viscous flow is  not control l ing 

i s  t h a t  t he  apparent ac t iva t ion  energy f o r  foam decay increwed with 

increas ing  s i l i c a  content, w h i l e  the  opposite dependence has been found f o r  

viscous flow. 

v i scos i ty  i s  t h a t  highly viscous C a O S i O z  binary melts will only support a 

Other evidence that i l l u s t r a t e s  t he  l h i t e d  importance of 

s t a b l e  foam when a surface ac t ive  agent such as P 0 or  C r  0 has been added. 
2 5  2 3  

It CZT: t h e r e f e r e  he concluded t h a t  viscosi ty  considerations do not provide a 

complete explanation f o r  foaming tendencies in slags, 

As mentioned ea r l i e r ,  surface tension e f f ec t s  a r e  major considera- 

. t i o n s  in foaming studies.  Although surface tension forces  oppose the 
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expansion of t h e  gas-liquid in te r face  when a foam is  produced, the magnitude 

of t he  surface tension of a foaming solution is  of minor importance. The 

lowering of surface tension by foaming agents, however, has been found t o  

, be very important i n  producing a s table  f o a m .  

This phenomhon and i t s  re la t ion  to foaming has been t rea ted  by Gibbs, 

Marangoni, and others. 

brium, surface tension lowering must be accomplished by adsorption, The 

Gibbs'l') proved thermodynamically tha t ,  a t  equi l i -  

r e l a t i o n  has been expressed quant i ta t ively i n  the  Gibbsl adsorption equation: 

3 Y  
T i = - -  RT b In ai 

9 

where i s  the  surface excess concentration and a, i s  i h e  thermodynamic 
I 

a c t i v i t y  of component i. For the  case of 

C a O S i O Z  melts, Henry's l a w  can be invoked 

t o  reduce t h e  Gibbs' equation t o  a useable 

-P 1 

A 

C r  0 in d i l u t e  solut ion i n  

i n  the absence of a c t i v i t y  da ta  
2 3  

form: 

the  mole f rac t ion  of C r  0 i s  subst i tuted f o r  In t h i s  equation, NCr,O,P 2 39 
LeJ  

i t s  ac t iv i ty .  

Figure 3 resul ted i n  values of TCr 0 

Calculations based on t h e  surface tension d2-ta shown in 

2 varying from 2,5 x moles/cm 
2 3  

2 f o r  CaO/SiOZ = 0.77 t o  4.6 x moles/cm f o r  CaO/Si02 = 0.57, h e n  

NCr 0 = 0.002. 

value f o r  detergenis h acpzous snh t_ . ions  moles/cm >. The surface 

It is  in t e re s t ing  t o  compare these values with a typ ica l  
2 3  

2 

a c t i v i t y  of a detergent can be seen t o  be s ign i f i can t ly  greater,  w.hich 

suggests that initial surface tension lowering may not  be a s  i m p o r t a t  i n  

explaining foaming tendencies i n  slags as  it i s  i n  detergent solutions.  
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Gibbs a l s o  demonstrated t h a t  the isotherm can be used t o  describe 

an e l a s t i c i t y  mechanism whereby th in  films containing surface ac t ive  agents 

r e s i s t  mechanical deformation. Such a f i l m  has two i n t e r f a c i a l  layers  con- 

t a in ing  adsorbed solute, separated by a layer  of  the  bulk phase. 

f i l m  i s  s t re tched and i t s  area increased, the t o t a l  amount of so lu te  a t  the  

As the  

in te r face  must increase in order t o  maintain t h e  surface excess concentration 

given by t h e  adsorption equation. This can be accomplished only by removing 

so lu te  from the  bulk l iqu id ,  The diminished bulk concentration r e su l t s  in 

an increase in surface tension i n  the  stretched area, in compliance with the  

surface tension-concentration dependence, The increased surface tension a c t s  

as a res tor ing  force, which opposes further s t re tching arid e v e n t u l  rupture 

of t h e  film. Thus the  Gibbsl e f f ec t  provides a po ten t ia l  mechanism of foam 

s t a b i l i t y  a r i s i n g  from surface tension considerations. 
. -  

It is  possible t o  determine the restor ing forces associated with 

the  Gibbs' e l a s t i c i t y  mechanism using surface tension versus concentration 

data , (19) If a given quant i ty  of  the bulk material  i s  stretched i n t o  the  

form of a film of thickness, d, the  bulk  concentration will be reduced by 

the  amount 2r)d ,  where r'is t h e  surface excess i n  the  stretched conditiono 

The conservation of mass requirement, together with t h e  GibbsF equation, a l lobis  

us t o  ca lcu la te  the increase i n  surface tension as a function of film thickness. . 

This calculat ion has been made f o r  CaO/Si02 = O,& w i t h  0,l and 0.4 mole percent 

C r  0 i n  solut ion,  2 3  
The r e s u l t s  of t h i s  calculation a r e  shown in Fig-b-5 8. Fsr t h e  Oe1: 

percent composition, there was no appreciable increase i n  surfzce tension, 

even with a near ly  i n f i n i t e  amount o f  thinning. For t h e  0.1 percent 



composition, a small rise w a s  found, but  a t  a f i lm thickness of about 

cm, which was probably the lower limit of film thicknesses reached 

in t h e  foaming s tudies  (based on the  failure t o  observe interference 

colors) .  Thus it appears t h a t  the contribution of the Gibbs' e f fec t  t o  

foam s t a b i l i t y  was Very small, since the res tor ing  forces were not  appre- 

c iab le  in the  important range of f i lm thicknesses from loo6 t o  lo'* an. 

Only i f  t h e  e f f e c t  of C r  0 on the surface tension had been an order of 

magnitude greater,  would the Gibbs' mechanism be important. 

* 

2 3  

Another surface tension mechanism was introduced by krangoni ,  (a) 

, which is generally believed t o  be more important in foaming studies.  I n  

I cont ras t  t o  t h a t  of Gibbs, the P'iarangoni mechanism i s  based on a dynamic 

model and i s  not  l imited t o  t h i n  films. It r e l i e s  on t h e  f a c t  t h a t  adsorption 

i s  a time-dependent process. A f reshly formed surface has  a 13dynamic1' 

surface tension t h a t  can be much higher than  a t  equilibrium, The s i tua t ion  

in a s t re tched f i lm  i s  similar t o  tha t  i n  a surface t h a t  has not been com- 

p l e t e ly  aged. There i s  a temporary incrzase i n  surface tension immediately 

a f t e r  s t re tch ing  t h a t  a c t s  as a restor ing force before the  adsorption process 

can reach equilibrium. 

Although it i s  more d i f f i c u l t  t o  consider the inportance of t h i s  

e f f e c t  quant i ta t ively,  several  observations can be c i ted  from the ex-peri- 

mental measurements which lend support t o  t he  h r a n g o z i  mechanism, By 

varying the  bubble r a t e  cluing the  surface tension measurements, it was 

found t h a t  t h e  equilibrium surface LeLiSieii xzs ohytaized 1.rhen bubbles were 

formed a t  i n t e r v a l s  of twenty seconds or  more. When bubbles were blown 

every few seconds, however, there  was a small increase in su:-face tsnsion, 
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This information establ ishes  an approximate value of a few seconds as the 

time necessary f o r  complete aging., 

The same conclusion can be drawn from an approximate diffusion 

calculation. 

appreciable diffusion t o  occur i s  x = 4- 
are t h e  diffusion time and distance, respectively, 

A "rule of thumb" cr i te r ion  f o r  the time required f o r  

where t and x 

Arbi t ra r i ly  assuming a 

x2 
or  t = - D '  

di f fus ion  coeff ic ient  of 

thickness of 

cm2/sec f o r  chromium and fo r  a film half-  

an, t = (10 -3 ) 2/10-6 = 1 second, The r e su l t  indicates  

t h a t  a s igni f icant  amount of adsorption should occur during a one second 

aging period. This estimate t i e s  in nicely with the one based on the 

rates of bubble formation. 

therefore  of t h e  r i g h t  magnitude t o  render the  Piarangoni e f f ec t  operative. 

It i s  thought t h a t  t h e  k ine t ics  of aging i s  

The nature of t h e  foam life-composition curve i n  Figure 7 lends 

fu r the r  support t o  t he  Marangoni theory. In  very d i lu t e  soh t ions ,  there  

i s  a l imi ta t ion  in t h a t  t h e  dynamic surface tension cannot increase grea t ly  

over t he  equilibrium surface tension, 

equilibrium tension a t  i n f i n i t e  dilution.)  

t h e  so lub i l i t y  l i m i t  of C r  0 

phase contains so much solute  that i t  can bring a stretched f i ln  t o  

adsorption equ l l ib rhm Sefore the  e l a s t i c i t y  mechanisn; becomes o p e r a t i n ,  

Thus one would expect t he re  t o  be an  optlaum concentration a t  which t h i s  

e f fec t  i s  most &&:portant, and t h i s  opthum concentration wzs found t o  be 

0.25 mole percent G r  0 i n  Figure T 9  idliars a sharp r n ~ y 5 r ~ -  can he seen, 

There i s  no apparent way t o  explain t h i s  m a x i m u m  other than i n  terns  of 

the  Narangoni e l a s t i c i t y  mechanism. 

(The maximum dynamic tension equals t he  

I n  t h e  concentration rang2 near 

there i s  another l imitat ion,  s ince the bulk 
2 3 ,  

2 3  
. 
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Referring again t o  Figure 7 where data are plot ted for  CaO-SiG2 = 0.64, 

t h e  so lub i l i t y  l i m i t  of C r  0 i s  about 0.7 mole percent (from Figure 1). 
2 3  

Therefore the  points for 1.0 and 1.5 'mole percent C r  0 added l i e  in the  
2 3  

two-liquid phase region. 

foam s t a b i l i t y  w a s  found t o  increase s l ight ly .  

conducted on melts containing 2.5 and 4.0 mole percent C r  0 

da ta  a r e  not plotted,  but a r e  l i s t e d  i n  Table 11, 

As more of the second l iqu id  w a s  introduced, t h e  

Additional experiments were 

fo r  which the  
2 3' 

During these experiments, 

t h e  foam s t a b i l i t y  w a s  observed t o  increase progressively during repeated 

tr ials.  

of t he  second l iqu id  occurs during bubble agi ta t ion.  

A plausible  explanation f o r  t h i s  behavior is t ha t  emulsification 

: A t  times, t he  emulsi- 

f i e d  droplets  were allowed t o  s e t t l e  t o  a separate layer  during t h i r t y  

minute s e t t l i n g  periods, and the foam s t a b i l i t y  w a s  found to  f a l l  t o  i ts  

o r ig ina l  level .  With subsequent measurements, t h e  foam l i f e  again increased 

as before 

Both the  emulsified droplets and the suspended platinum f lakes  

mentioned previously a r e  believed t o  increase foam s t a b i l i t y  by s e t t l i n g  

a t  t h e  s i t e s  where three  o r  more bubbles a r e  i n  contact (Plateau borders). 

I n  t h i s  wayo they r e t a r d  the  coalescence of  bubbles and the  drainage of 

l i q u i d  from t h e  fi lm lamellae by increasing the  e f fec t ive  viscosi ty  of the 

melt. 

second phase, t he  e f f ec t  i s  an important one t h a t  meri ts  fur ther  study, 

Since long l a s t ing  foams were produced. by introducing a dispersed 
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From t h e  results ' .of this investigation, it is  believed t h a t  C r  0 

as a foam s t a b i l i z e r  when it i s  present in a heterogeneous mixture of 

phases as w e l l  as when it is in solution. 
2 3  

i n  a steelmaking s l ag  i s  an  important consideration in avoiding foaming 

can a c t  
2 3  

For this reason, t h e  C r  0 level 

problems # 

A f i n a l  word should be mentioned about V 0 as a foaming agent. 
2 5  

Unt i l  t he  present, it had been suspected, but not established experimentally, 

t h a t  V 0 induces foaming. 

w a s  found t h a t  V 0 

In a single experiment (FT-20 i n  Table II), it 
2 5  

is very potent i n  t h i s  respect,  2 5  .r 

The degree of lowering o f .  surface tension by CP 3 w a s  found t o  
2' 3 

be moderate-in comparison with other surface ac t ive  agents, meming thai 

t h e  Marangoni e l a s t i c i t y  effect i s  a possible contributor t o  foam stabil i ty.  

The Gibbs* mechanism must be ruled out, however, because of insuf f ic ien t  , 

surface tension lowering in t h e  d i lu t e  solution rar,ge. Further sapport  

f o r  t h e  Yirangoni e l a s t i c i t y  mechanism w a s  obtained on t h e  basis  of a 

maximum i n  foam l i f e  with C r  0 

k ine t i c s  of the  surfaceo 

concentration arid infomation on the a g h g  
2 3  

The viscous nature of s i l i c a t e  melts contributes t o  foam s t a b i l i t y  

by retarding t h e  drainage of l i q u i d  from films, but the extreaely high 

temperature coeff ic ients  of foam s t a b i l i t y  cannot be explained ii teLms 

of viscosity,  nor can it explain why m a n y  viscous l iqu ids  a re  only prw-e 

to  foaming after a su i tab le  surface ac t ive  agent has been added, 

In addi t ion t o  its importance i n  d i l u t e  a h t i o n ,  C r  0 was founc! 
2 3  

t o  s t a b i l i z e  foams when present in a dispersed second phase. 
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' .  . 

Experiment C ~ O / S ~ O ~  
No . (molar) 

CR-1 
3 
4 
5 
6 
7 
8 

9 
12  

15,16,17 

21,22 

CR-23 9 24 

27,28 
299 30 
31,32 
33 
34 

CR-40 41 
44,45 

' 46,47 
48949 
509% 
52 
53 
5h, 55 

l8,19,20 

259 26 

0.64 
- 11 - 

It 

I1 

18 

It 

a 

n 

It 

I t  

11 

I t  

It 

0.57 
11 

II 

11 

It 

II 

I t  

0.77 
It  

IO 

It 

It 

I t  

I! 

tt 

mole % Cr93 
added 

0 .oo 
0.50 
0.96 
0.50 

' 4.00 
2.00 

1 .oo 
1.50 
3 000 

0 -00 
I1  

0 -31 
0 .oo 
0.24 
0.48 
0 073 
00%' 

1047 
1.97 
0 .oo 
0.52 
1.02 
1.28 

1.50 
2 a 0 0  

3 .OO 

4.00 



Table 11. FOAM STABILITY EZESULTS 

Experiment CaO/Si02 Mole % Cr2O3 Temp. Foam Life 
No . (molar) added ( O C )  ( s e c . )  - 

FM-3 
FM-4 

FK-5 
FK-6 
m-7 
FM-8 

FM-10 

FN-ll 
FN-13 

FM-15 
EN-16 

FK-17 
FM-19 
FM-2Q 

0.64 
0.64 

0.64 
0.6b 
0.64 
0.64 
0.57 

1.0 

0.77 

0.64 
0.64 

0.64 
1.27 
0 -64 

0.5 
0.25 

0.75 
1 .o 
1.5 
1.5 
0.25 

0.25 
0.25 

0.1 

2.5 

1600 
1585 
16lO 
163 8 

1600 
1600 
1600 
1600 
1586 
1605 
163 2 

1623 
1608 
1631 
1600 

1600 

1600 
1600 
1600 

31, e o  

74.6 
49 -4 
37.6 

u . 9  
19 -3 

17.5 

15.2 

92 -3 
71.5 
5406 
0 

43 -3 
30.7 
39 -4 

Increased 
with time 

11 

0 

IJ 150 
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Fig. 1 Miscibil i ty Gap i n  the C a O S i 0 2 - C r  0 

System at 1 6 0 0 0 ~ .  0-1 2 3  
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Fig. 2 Apparatus for Surface Tension Measurements. 



7 
0 - 
cn 
7 
W 
t- 

4 IC 

40C 

39c 

380 

3 7c 

360 

350 

a e+ CaOISiO, = 0.77 

0 CaO/Si02  = 0.64 

A CaO/SiO, = 0.57 

-------..--.-.I 

- 

- 

I I I I I 
0.5 I .o 1.5 2.0 2.5 3.0 3.5 4 .d 

340 0 
MOL %, Cr,O, ADDED 
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Fig. 4 Similar Surface Tension Data in Other 
Silicate Systems. (12) 
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Fig. 6 The Effects of Slag Basicity and Temperature 

on Foam Stabi l i ty .  



c 

c 

. 

60 

5 0  

40 

3c 

2c 

IC 

( 

CaO/SiO,= 0.64 

.4 .8 
I I 

1.2 I .6 2.0 

Fig. 7 The Variation of Foam S t a b i l i t y  with C r  0 Concentration. 
2 3  



. .  . 

Id 
0 

LL clz 
a 
3 
tn 

N=O.I  MOL % 386- 

- 

384- 

- 

382- 

380 I- 
I- N = 0.4 MOL % Cr,3, 

3781 1 
10-'O I o-8 io" IO" 

FILM THICKNESS,d (CM.) 

Fig. 8 Magnitude of the Gibbs Elasticity Effect. 


